Maternal n-3 and n-6 polyunsaturated fatty acid (PUFA) status may influence birth outcomes and child health. We assessed second trimester maternal diet with food frequency questionnaires (FFQs) (n = 1666), mid-pregnancy maternal erythrocyte PUFA concentrations (n = 1550), and umbilical cord plasma PUFA concentrations (n = 449). Mean (SD) maternal intake of total n-3 PUFA was 1.17 g/d (0.43), docosahexaenoic and eicosapentaenoic acids (DHA+EPA) 0.16 g/d (0.17), and total n-6 PUFA 12.25 g/d (3.25). Mean maternal erythrocyte and cord plasma PUFA concentrations were 7.0% and 5.2% (total n-3), 5.0% and 4.6% (DHA+EPA), and 27.9% and 31.4% (total n-6). Mid-pregnancy diet-blood and blood-blood correlations were strongest for DHA+EPA (r = 0.38 for diet with maternal blood, r = 0.34 for diet with cord blood, r = 0.36 for maternal blood with cord blood), and less strong for n-6 PUFA. The FFQ is a reliable measure of elongated PUFA intake, although inter-individual variation is present
Introduction
The fetus receives its fatty acid supply from the mother via active placental transport. Since polyunsaturated fatty acids (PUFAs) of the n-3 and n-6 families are essential nutrients, dietary fatty acid intake during pregnancy must be sufficient to meet the demands of both the mother and the developing fetus [1, 2] . Maternal n-3 and n-6 PUFA status may influence birth outcomes and child health [3, 4] . A recent international consensus statement recommended daily maternal intake of at least 200 mg of the long-chain n-3 PUFA docosahexaenoic acid (DHA) during pregnancy and lactation to support optimal infant growth and developmental outcomes [5] . Many pregnant women likely do not consume this amount [6] [7] [8] . Since n-6 PUFA may compete with n-3 PUFA for enzymes necessary for elongation and desaturation, the ratio of total or long-chain n-6:n-3 fatty acids might also be important for health outcomes [9, 10] .
Identification of the individual characteristics associated with nutrient intake patterns can help inform and target dietary recommendations for pregnant women. Several previous observational studies have examined the dietary fatty acid intake patterns of pregnant women [1, 8, 11, 12] . To date, one Canadian study has focused on the maternal characteristics correlated with prenatal fish consumption [13] . No studies have specifically investigated maternal characteristics associated with prenatal intake of all n-3 and n-6 fatty acids.
It is important to compare dietary and blood measures of fatty acids, because many studies of maternal fatty acid intake and pregnancy or child outcomes do not have biomarker data. Additionally, it is possible that metabolism of fatty acids differs among individuals, based upon characteristics such as body size or race/ethnicity [14] [15] [16] .
Available literature regarding associations of maternal PUFA intake with corresponding concentrations in maternal and/or cord blood is limited by small sample sizes and restricted populations (e.g., inner-city African-American women, women with gestational diabetes, non-US populations) [1, 7, 8, 11, 12, [16] [17] [18] [19] . Only one small study of 30 Belgian women has included PUFA in maternal diet, maternal blood, and cord blood [1] .
The purpose of the present study was to examine associations of maternal characteristics with dietary fatty acid intake, and to compare measures of PUFA status in maternal diet, maternal blood, and umbilical cord blood in a large cohort of pregnant women residing in the US.
Patients and methods

Study population
Study subjects were participants in Project Viva, a prospective observational cohort study of gestational diet, other prenatal exposures, pregnancy outcomes, and offspring health. We have previously described recruitment and retention procedures [20, 21] . In brief, from 1999 to 2002 we recruited women at their first prenatal visit at one of eight obstetrical offices of an eastern Massachusetts multispecialty group practice. Women were eligible to participate if they presented for their initial clinical visit at <22 weeks of gestation, had a singleton pregnancy, did not plan to move away from the study area prior to delivery, and could complete study forms in English. All women provided informed consent, and all procedures were in accordance with the ethical standards for human experimentation established by the Declaration of Helsinki [22] . Institutional review boards of participating institutions approved the study.
Of the original cohort of 2128 women with live births, we assessed dietary intake in midpregnancy among 1666 participants and in late pregnancy among 1928 participants. We analyzed the PUFA status of 1550 mid-pregnancy maternal blood samples and 449 cord blood samples from infants with gestational age at delivery ≥37 weeks. The number of subjects in the correlation analyses ranged from 355 (cord blood with maternal blood) to 1539 (mid-pregnancy diet with late pregnancy diet) (Fig. 1). 
Dietary assessment
At a mean of 29 weeks, participants completed a semiquantitative food frequency questionnaire (FFQ) modified for use in pregnancy from a well-validated instrument used in several large cohorts [23, 24] and previously calibrated against erythrocyte levels of fatty acids [25] . The FFQ quantified average frequency of consumption of >140 specified foods and beverages, including alcohol, during the preceding 3 months. Response options varied by food item. The FFQ also collected information about vitamin and supplement use, including two questions on frequency of use of "cod liver oil" and "fish oil (omega-3 fatty acids)."
Participants provided additional information on diet during the month before delivery in a brief dietary questionnaire completed in the hospital following delivery. The nine questions queried frequency of consumption of major dietary contributors to n-3 and trans fatty acid intake (four groupings of fish; poultry; beef, pork, or lamb; margarine, baked products, and deep fried foods). Compared with the longer mid-pregnancy FFQ, the brief delivery questionnaire did not specify portion sizes, had different response options, and did not allow assessment of intake of total n-3 PUFA, the parent n-3 fatty acid alpha linolenic acid (ALA), or of n-6 fatty acids. Late pregnancy trans fatty acid intake was not assessed for the first 293 participants.
We calculated nutrient intakes from the mid-pregnancy FFQ by multiplying a weight assigned to the frequency of consumption of each food item from the FFQ by the nutrient composition for the portion size specified. For intake in the month prior to delivery, we multiplied a weight assigned to the frequency of consumption of each food unit from the FFQ by an average nutrient composition for the food item or items. For each time point we used the sum of contributions to intake across all foods to generate total intake of a variety of nutrients for each subject [26] . Nutrient estimates were derived from the Harvard nutrient composition database, which is based on US Department of Agriculture publications and is continually supplemented by other published sources and personal communications from laboratories and manufacturers [27] [28] [29] . We energy adjusted the estimates of micronutrient intake from the mid-pregnancy FFQ using the nutrient residuals method [30] .
Blood collection and fatty acid assays
We collected maternal blood from participants at the same time as the routine non-fasting mid-pregnancy clinical blood draw. Samples were not collected from women whose clinical visit did not overlap with the second study visit or who were otherwise unable to provide a sample. Whole blood samples were collected in tubes containing the anticoagulant ethylenediaminetetraacetic acid (EDTA), and refrigerated immediately. Within 24 h, tubes were centrifuged at 2000 rpm at 4 °C for 10 min and plasma and white cells were removed. The red blood cell samples then underwent two saline washes and were stored in liquid nitrogen freezers (80 °C) until use.
We collected blood from the umbilical vein following delivery from infants who were delivered on a weekday at one of the two study hospital sites. Whole blood samples were collected in tubes containing EDTA, refrigerated, and within 24 h centrifuged at 2000 rpm at 4 °C for 10 min. Plasma aliquots were stored in liquid nitrogen until assay. We did not retain erythrocytes from the umbilical cord blood.
After a single freeze/thaw, fatty acids in maternal erythrocytes and umbilical cord plasma were quantitated by gas-liquid chromatography [31] . The method identified up to 57 individual fatty acids, including 5 or 6 types of n-3 fatty acids (docosantrienoic acid was not identified in maternal erythrocytes) and 7 types of n-6 fatty acids. Peak retention times and area percentages of total fatty acids were identified by injecting known standards (NuCheck Prep, Elysium, Minn) and analyzed with the Agilent Technologies ChemStation A.08.03 software. Fatty acid concentrations are reported as area percentages of total fatty acids measured.
Maternal characteristics
We obtained information on maternal demographic characteristics, medical history, and lifestyle habits using mailed questionnaires and in-person interviews during study visits. We examined maternal characteristics found to be associated with fish consumption in previous studies [13, 21] . We categorized characteristics as follows: age at study enrollment (14-24, 25-34, ≥35 years), race/ethnicity (non-Hispanic white, black, Hispanic, asian, and other race), number of previous live births (0, 1, or more), marital status (married or co-habiting, not married or co-habiting), education (<college graduate, college graduate, or more), tobacco use (never smoked, quit before pregnancy, smoked during pregnancy), total physical activity during mid-pregnancy (<2.5, ≥2.5 h/week), annual household income at study enrollment (≤$40,000, >$40,000), and alcohol use during mid-pregnancy (0 drinks/ week, >0 drinks/week). We calculated pre-pregnancy body mass index (BMI) using selfreported height and pre-pregnancy weight and classified women as normal weight (BMI<25 kg/m 2 ), overweight (BMI 25 to <30 kg/m 2 ), or obese (BMI≥30 kg/m 2 ). We calculated gestational weight gain as the difference between the last weight prior to delivery recorded in medical records and self-reported prepregnancy weight. We used Institute of Medicine guidelines for adequacy of weight gain (inadequate, adequate, excessive) [32] . We calculated an overall diet quality index (Alternate Healthy Eating Index-Pregnancy) using a 90-point scale based on intake of vegetables, fruit, ratio of white to red meat, fiber, trans fat, ratio of polyunsaturated to saturated fatty acids, and folate, calcium, and iron from foods [33] , and classified women into quartiles of diet quality score (29-53, >53-60, >60-68, >68-89).
Statistical analyses
We calculated means and standard deviations (SDs) for measures of dietary and blood fatty acids. We examined the independent relationships of maternal characteristics with dietary intake of fatty acids by performing multivariate analyses using linear regression.
We calculated Spearman correlation coefficients to estimate the relationships between measures of fatty acid intake and blood concentrations. We explored whether the relationship between dietary intake and biomarkers differed by race/ethnicity or by prepregnancy BMI by separately calculating Spearman correlation coefficients for whites and blacks and for three pre-pregnancy BMI categories (BMI<25, 25 to <30, ≥30 kg/m 2 ).
We used SAS version 9.1 (SAS Institute, Cary, NC) for all analyses.
Results
Among the 1666 mothers with information on mid-pregnancy diet, mean maternal age at study enrollment was 32.3 years (standard deviation 4.8). Most women were white (72.6%), married (93.5%), and well educated (70.6% had at least a college degree). About half (49.2%) were nulliparous. More than one-third of women were overweight or obese prior to pregnancy, and half had excessive weight gain during pregnancy (Table 1) .
In multivariate regression analyses, we observed associations of several maternal sociodemographic characteristics and health behaviors with energy-adjusted intake of fatty acids in midpregnancy (Table 1 ). Compared to white women, black women had higher fish intake (β = 0.43 servings/week; 95% confidence interval [CI] 0.18, 0.68) and a lower ratio of n-6:n-3 PUFA (β = −1.11 g/d; 95% CI −1.59, −0.63). Higher diet quality score, higher education, and more physical activity were also associated with higher fish intake ( Table 1) . Compared to women with normal pre-pregnancy BMI, women who were obese prior to pregnancy had higher intakes of total n-3 (β = 0.10 g/d; 95% CI 0.03, 0.17) and total n-6 PUFA (β = 0.87 g/d; 95% CI 0.35, 1.38) and of trans fatty acids (β = 0.14 g/d; 95% CI 0.06, 0.23).
In Table 2 we present the means and ranges of daily dietary intake and fatty acid concentrations of selected fatty acids. The relative concentrations (percentage of total fatty acids) of most fatty acids were similar in maternal erythrocytes and cord plasma. The n-3 concentration in cord plasma was lower than the respective concentration in mid-pregnancy maternal erythrocytes, while the n-6 concentration was higher.
In Table 3 we report correlations among the concentrations of fatty acids in maternal diet, maternal erythrocytes, and cord plasma. The Spearman correlation r for mid-pregnancy diet and erythrocytes was 0.38 for the sum of the elongated n-3 fatty acids DHA and eicosapentaenoic acid (EPA) and 0.19 for the ratio of n-6:n-3 PUFA (both p<0.0001). Spearman correlation coefficients between mid-pregnancy diet and concentration of total cord plasma phospholipids were 0.36 for DHA+EPA and 0.29 for n-6:n-3 (both p<0.0001). Fatty acid levels in the two biomarkers were correlated (e.g., r = 0.33 for DHA+EPA; r = 0.44 for n-6:n-3 PUFA ratio; both p<0.0001) about as strongly as dietary measures were correlated with blood levels. DHA+EPA intake in late pregnancy was correlated with the two biomarkers (r = 0.18 with maternal erythrocyte; r = 0.21 with cord plasma; both p<0.0001). Estimated intake of DHA+EPA in mid-pregnancy was highly correlated with fish consumption during the same period (r = 0.83, p<0.0001). Maternal intake of the parent n-3 PUFA ALA was not correlated with either maternal (r = 0.04, p = 0.20) or cord blood (r = −0.01, p = 0.91); however, the biomarkers were moderately correlated (r = 0.22, p<0.0001). Intake of the parent n-6 PUFA linoleic acid (LA) was moderately correlated with maternal and cord blood (r = 0.20, r = 0.16, respectively; p<0.0001, p = 0.002, respectively), and the biomarkers were similarly correlated (r = 0.15, p = 0.006).
The correlations between the two dietary measures of n-3 PUFA were similar among women who were overweight or obese prior to pregnancy compared to those with normal prepregnancy weight (e.g., DHA+EPA r = 0.38 for obese women, r = 0.41 for overweight women, r = 0.32 for normal weight women, Supplemental Table 1 ). For n-6 PUFA, the strength of the correlation between dietary intake and the biomarkers was weaker among obese women, and in several cases was in the opposite direction as observed among normal weight or overweight women. For example, mid-pregnancy intake of total n-6 was correlated with maternal and cord blood among normal weight and overweight women (e.g., normal weight: r = 0.19, p<0.0001; r = 0.13, p = 0.04; maternal and cord blood, respectively), but not among obese women (r = −0.10, p = 0.20; r = 0.15, p = 0.32; maternal and cord blood, respectively). The strength of the correlation between biomarkers was similar for obese women compared to the other BMI groups (e.g., total n-3 PUFA r = 0.30 among normal weight women, r = 0.48 among overweight women, and r = 0.21 among obese women). We have included the results of analyses stratified by maternal BMI in Supplemental Table 1 .
The correlations between the two dietary measures were stronger for n-3 PUFA among the 1203 white women compared to the 205 black women (e.g., DHA r = 0.39 for white women, r = 0.23 for black women; 1122 white women and 184 black women had data on both dietary measures). In contrast to the overall population and to white participants alone, the correlations between mid-pregnancy intake of elongated n-3 and total n-6 PUFA and the respective cord blood measures were weaker among black participants, although the direction of the associations were similar. For example, the correlation between maternal mid-pregnancy intake of EPA and cord blood levels was 0.38 among white participants and 0.14 among black participants. Similarly, the correlations between the biomarkers of n-6 PUFA were weaker among black participants. We have included the results of analyses stratified by maternal race/ethnicity in Supplemental Table 2 .
Discussion and conclusions
In this study, we determined prenatal fatty acid intake in a cohort of US pregnant women using food frequency questionnaires and we quantified blood levels of fatty acids in maternal erythrocyte and umbilical cord plasma phospholipids. In multivariate analyses, higher prenatal intake of n-3 fatty acids was associated with black race, pre-pregnancy obesity, and higher diet quality score. Higher intake of n-6 fatty acids was associated with pre-pregnancy obesity and lower diet quality score. Dietary intake of DHA, EPA, and the parent n-6 PUFA LA, but not of the parent n-3 PUFA ALA, were moderately correlated with maternal and umbilical cord blood phospholipid status. Maternal and infant biomarkers were correlated with each other.
Dietary intakes of fatty acids in this cohort were similar to intakes observed in several other populations in the US, Canada, Belgium, and the UK [1, 6, 7, 11, 34] , thus this population is comparable to other women. Among women in Project Viva, mean DHA intake in midpregnancy was 105 mg/d, about half the recommended daily intake [5] , suggesting many women were consuming an amount insufficient for optimal child growth and development. Reported intake in late pregnancy, the time of the most rapid fetal brain uptake, was even lower (78 mg/d). The n-6:n-3 ratio of 11.07 was higher than the ratio reported in some other North American studies [6, 7] , but was similar to the ratio reported in a US national survey of food intake conducted in 1994-1996 [35] . The high n-6:n-3 ratio found in modern diets could contribute to adverse health outcomes such as asthma and cardiovascular disease [36, 37] . Thus, the present results are useful because they provide novel information about the relative intakes of n-6 and n-3 fatty acids in a large cohort of pregnant women in the US.
Maternal characteristics associated with higher dietary n-3 PUFA intake included older age, non-white race/ethnicity, higher education, and pre-pregnancy obesity. Higher dietary n-6:n-3 ratio was associated with younger maternal age, nulliparity, and non-Hispanic white race/ethnicity. Less frequent fish consumption was associated with younger age, white race, lower diet quality, and lower levels of physical activity. These results were comparable to those found in a recent study of sociodemographic and lifestyle correlates of fish consumption among a pregnant Canadian cohort [13] . The findings may help inform the design of future studies examining prenatal intake of n-3 and n-6 fatty acids in relation to health outcomes, as these same maternal factors may be independently associated with outcomes of interest such as pregnancy complications and fetal and postnatal growth.
Directly quantified maternal mid-pregnancy blood fatty acid levels were similar to those observed in other populations [6, 15, 18, 38] . The fatty acid levels measured in cord plasma were also similar to those measured in Dutch [19, 38] and Belgian [1] infants.
Dietary intake of fatty acids was directly correlated with respective fatty acid concentrations in maternal blood and cord plasma phospholipids for most PUFA, indicating the midpregnancy FFQ and the brief dietary questionnaire administered following delivery are valid measures of prenatal PUFA status. Notable exceptions included weak correlations between diet and blood levels for the parent n-3 (ALA) and n-6 (LA) PUFA. The weak correlation of total n-3 PUFA in maternal diet compared with maternal blood may reflect differences in the metabolism of the parent n-3 compared to the elongated n-3 PUFA; ALA storage in adipose tissue, not blood; or incomplete recall of dietary sources of ALA. Fetal uptake of maternal PUFAs may account in part for the moderate correlations we observed between maternal dietary intake and umbilical cord blood levels.
The correlations between the two biomarkers were modest. Few studies have reported correlations of intake and blood or of two blood markers, and only one study has evaluated all three measures of PUFA status. De Vriese et al. [1] examined the relationship of dietary fat intake during the first or second trimester with the fatty acid composition of maternal and umbilical cord plasma phospholipids in a sample of 30 pregnant Belgian women. In that study, average intake of elongated PUFA (DHA+EPA) was 0.46 g/d, higher than the mean of 0.16 g/d in the present study. The correlations between PUFA concentrations in diet and umbilical cord blood were strongest for EPA (r = 0.59) and for total n-6 PUFA (r = 0.38), similar to the present study. However, several other correlations were weak and some were in the opposite direction as observed in the Viva cohort. Thus, the present results are useful because they provide additional information about the relationships between dietary and blood measures of fatty acid status among a relatively large population of women with modest intake of elongated n-3 PUFA. Further, the analysis of several measures of PUFA status offers additional information on the inter-relationships between measures.
The few published studies of diet during pregnancy have demonstrated substantial racial/ ethnic differences in overall dietary habits [39] , but to our knowledge no studies have examined differences in the associations between dietary intake of fatty acids and respective biomarkers by racial/ethnic group. We observed stronger correlations between PUFA measures among white participants compared with black participants. Nevertheless, the correlations between intake and maternal blood PUFA concentration among black participants were stronger than those reported in the one previous study of PUFA status among African-American women [8] , in which dietary intake of n-6 PUFA and of ALA was higher than observed in the present study but PUFA concentrations in maternal blood were similar. Additional studies are necessary to confirm the racial/ethnic differences in the strength of the correlations between measures of fatty acid status observed in the present study.
Obesity may affect the metabolism of fatty acids during pregnancy [15, 16] . The correlation between dietary intake of fatty acids and respective maternal and infant PUFA status measured in blood was weaker among the obese women in this cohort compared with normal weight and overweight women. These results may reflect differences in metabolism among obese women compared with other women, or could indicate dietary intake is not as suitable a measure of prenatal PUFA status among this group.
Strengths of this study include a large sample, prospective collection of dietary intake, and measurement of a number of maternal characteristics potentially associated with fatty acid intake. We used a detailed, validated FFQ and analyzed both maternal and infant biomarkers of fatty acid intake.
Results should be interpreted with some caution based on the study limitations. Dietary intake was assessed using a self-reported measurement tool, a method that may under-or overestimate true intake. For example, it is unlikely that any individuals actually consumed 0 mg/d of AA. However, the FFQ is a very useful instrument for ranking dietary intake, as we have used it here. Other unmeasured maternal characteristics may be important correlates of fatty acid intake. The Project Viva cohort is a relatively affluent and well-educated population compared with the overall population of pregnant women, and study subjects are all insured. These characteristics may limit generalizability of our results to other populations. Correlations between the biomarkers might have been stronger if we had erythrocyte levels of fatty acids in both maternal and umbilical cord blood, but unfortunately we did not retain erythrocytes from the umbilical cord blood.
In conclusion, dietary intake of fatty acids during mid-pregnancy in this large cohort of pregnant women was similar to intake observed in other populations. Dietary intake of DHA was well below the recommended level, and the total n-6:n-3 ratio was over 10:1. Correlations between the dietary measurement tool and biomarkers suggest the FFQ is a reliable measure of elongated n-3 and n-6 fatty acid intake, although inter-individual variation in reporting or in metabolism is still present. Future research is warranted to increase understanding of the factors that contribute to prenatal dietary intake of PUFA and other nutrients. We have previously studied associations of maternal dietary intake of fatty acids with fetal growth, gestation length, gestatinal diabetes, and preeclampsia [21, 40, 41] . The present results will inform future investigations of the association of prenatal n-3 and n-6 PUFA exposure with pregnancy outcomes and infant and child health.
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Refer to Web version on PubMed Central for supplementary material. Project Viva participant PUFA measures. The upper boxes present the number of participants for whom each measure of fatty acid status was assessed. The lower boxes present the number of subjects in each correlation analysis of the relationships between measures of fatty acid intake and blood concentrations. Table 1 Multivariate-adjusted associations of maternal characteristics with mid-pregnancy dietary intakes of selected fatty acids among 1666 participants in Project Viva. a 
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n/a PUFA, polyunsaturated fatty acids; DHA, docosahexaenoic acid; EPA, eicosapentaenoic acid. Fatty acid status among Project Viva participants, measured through maternal dietary intake during mid-pregnancy and during the month before delivery and through fatty acid composition of mid-pregnancy maternal erythrocyte phospholipids and of umbilical cord plasma lipids. a The food frequency questionnaire used in the post-delivery interview differed from the questionnaire used in mid-pregnancy; not all sources of fatty acids were captured. N = 1635 for intake of trans fatty acids.
b N = 367 for total n-3 PUFA, EPA, DHA+EPA, n-6:n-3 ratio, AA:DHA+EPA ratio. Table 3 Spearman correlation coefficients (r) for associations among fatty acid measures. a N = 1635 for intake of trans fatty acids. b N = 367 for total n-3 PUFA, EPA, DHA+EPA, n-6:n-3 ratio, AA:DHA+EPA ratio.
